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Abstract 
Chemical absorption method is a major separation technique employed in CCS (Carbon dioxide 
Capture and Storage). In recent years, a novel process named a membrane flash process for regeneration 
of the absorbent was developed to realize an energy-saving technology. In this study, the effects of pore 
size and thickness of microporous hollow fiber membrane on the CO2 desorption rate in the membrane 
flash process were examined.  
CO2 desorption experiments were performed using the three purchased microfiltration (MF) 
membranes with different pore sizes, 0.2, 0.5 and 1.0 μm, and the two microporous hollow fiber 
membranes made from alumina particles with different thicknesses. A 30 wt%-monoethanolamine 
(MEA) aqueous solution was used as the chemical absorbent. The MEA solution which absorbed CO2 in 
advance was fed into the tube side of the hollow fiber and was forced to permeate through the membrane 
by reducing the pressure on the shell side to 40 – 1 kPa. 
The results indicated the CO2 desorption rate increased with decreasing pore size. Also, the thicker 
membrane showed the greater CO2 desorption rate. The results and observation implied that CO2
desorption occurred not only on the surface of the rich solution falling down along the outer surface of the 
hollow fiber after permeating through the membrane but inside the pores of the membrane wall. Also, the 
experimental results supported that the contact of the rich solution with the membrane played an 
important role in CO2 desorption. 
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1. Introduction 
Global warming has been widely recognized as one of the biggest global environmental problems in 
recent years. Carbon dioxide, which has been emitted into the air through combustion of fossil fuels and 
woods in large quantity, is considered to mainly induce the global warming. It is no wonder that the 
developments of renewable energies and energy-saving are urgent needs. However, these technologies 
may take much time to exert their effects on mitigation of global warming. Among various 
countermeasures against global warming, CCS (Carbon dioxide Capture and Storage) is considered to be 
an emergency measure and the most practical one to mitigate an increase of CO2 concentration in the air. 
Many pilot plants of CCS were built and are now being built over the world. In order to make CCS a 
feasible measure, it is necessary to reduce cost and energy consumption of the processes. Especially, it is 
reported that a separation process occupies the largest portion of the total cost. 
One of the practical separation techniques is a chemical absorption method using absorbent liquids 
such as amines. However, a large quantity of heat energy is required in desorption or stripping of CO2
from the absorbent and its regeneration. Therefore, the required energy has to be greatly reduced. In 
recent years, a novel process named a membrane flash process for regeneration of the absorbent liquids 
was developed to realize an energy-saving technology and to substitute it for a conventional regenerator 
[1, 2]. This process was originally proposed by Teramoto et al. as a facilitated transport membrane 
process [3-5]. In the membrane flash process, the rich solution that absorbed CO2 in the absorber is fed to 
a tube side of microporous hollow fibers and it is forced to permeate the membrane by reducing the 
pressure on its shell side. The rich solution releases CO2 while it permeates through the membrane to the 
shell side and falls down along the outer surfaces of the hollow fibers. The advantages of this process are 
that high CO2 concentration and low energy consumption are realized. However, the CO2 desorption rate 
was much lower than the one expected from the equilibrium data [1]. Therefore, aiming at an increase in 
CO2 desorption rate in the membrane flash process, the purpose of this study is to elucidate effects of 
membrane properties on CO2 desorption rate. 
2. Experimental 
2.1. Materials 
CO2 desorption experiments were performed using various kinds of Al2O3 microporous hollow fiber 
membranes. Three microfiltlation (MF) membranes were purchased. These MF membranes have the 
same inner diameter, 7 mm and outer diameter, 10 mm, and most of its thickness is formed by larger 
particles as a substrate. A thin layer of about 50 μm thick consisting of smaller particles is formed on the 
inner surface of the substrate. The thin layer controls a filtration performance and the pore diameter of the 
MF membranes estimated from a molecular weight cut off are 0.2, 0.5 and 1.0 μm. The MF membranes 
are, hereafter, called as ‘MF(0.2 μm)’, ‘MF(0.5 μm)’ and ‘MF(1.0 μm)’, respectively.  
On the other hand, another two hollow fiber membranes were used in the experiments. These 
membranes were fabricated by us from spherical alumina particles having almost the same size of 5 μm
in diameter. A desired amount of alumina particles were mixed up with certain amounts of water and 
methylcellulose as a binder, producing alumina paste. The alumina paste was spread over a flat plate so 
that a sheet having a uniform thickness could be formed. Then, the sheet was wrapped around an acrylic 
tube with an outer diameter of 8.0 mm, forming a alumina tube. After drying in an oven at 110 °C for 12 
h, the acrylic tube was drawn out from the alumina tube. Finally, the alumina tube was heated at 1500 °C
for 2h. The two different membranes were produced. They have the same inner diameter of 8.0 mm but 
different thicknesses, 1.8 and 2.9 mm. And, the pore size distributions were was almost the same and its 
mean pore diameter was estimated at 1.6 μm by mercury porosimetry. Unlike the MF membranes 
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purchased, the pore size distribution is uniform over the entire thickness of the membrane. The fabricated 
membranes of 1.8 and 2.9 mm thick are, hereafter, called as ‘Fabricated (thin)’ and ‘Fabricated (thin)’, 
respectively.
A piece of each membrane was installed at a center of an acrylic tube of 30 mm in diameter to form an 
experimental module. The effective length was in the range of 52 – 65 mm. The specifications of the 
hollow fiber membranes and the modules are summarized in Table 1.
The chemical absorbent used was 30 wt%-monoethanolamine (MEA) aqueous solution. Prior to 
the desorption experiment, CO2 was absorbed by injecting CO2 gas into the MEA solution. CO2 content 
in the solution was determined by TOC analyzer and a CO2 loading of the MEA solution was adjusted to 
0.5. The MEA solution which absorbed CO2 is referred to as rich solution hereafter. 
Table 1. Specifications of hollow fiber membranes and modules 
Membrane name 
Pore
diameter 
Membrane 
thickness 
Inner 
diameter 
Outer 
diameter Porosity
Effective 
length 
[μm] [mm] [mm] [mm] [%] [mm] 
MF (0.2 μm) 0.2* 1.5 7.0 10.0 35** 65 
MF (0.5 μm) 0.5* 1.5 7.0 10.0 35** 65 
MF (1.0 μm) 1.0* 1.5 7.0 10.0 35** 55 
Fabricated (thin) 1.6 1.8 8.0 11.6 35.7 52 
Fabricated (thick) 1.6 2.9 8.0 13.8 30.8 62 
*  Pore diameter estimated from molecular weight cut off 
**Porosity of the substrate 
2.2. Experimental method 
The schematic diagram of the experimental setup is shown in Fig. 1. Silicone tubes were connected to 
the membrane modules for gas and liquid paths. The rich solution was fed into the tube side of the hollow 
fiber in the modules. The total pressure on the shell side was reduced to 40 - 1 kPa by a vacuum pump 
while the atmospheric pressure was about 95-98 kPa. A part of the rich solution permeated through the 
membrane wall and CO2 was released from the rich solution when and/or after the rich solution 
permeated. The rest of the rich solution overflowed at the top of the module, and then it returned to a 
liquid reservoir. The rich solution that permeated through the membrane wall was weighed by an 
electrical scale and the liquid permeation rate was calculated. On the other hand, the released gas was 
discharged from the vacuum pump after it passed through a condenser. The flow rate of the discharged 
gas was measured by a flow meter and its composition was determined by a gas chromatograph. The CO2
desorption rate was calculated from the gas flow rate and the CO2 content. 
The experiments were performed at 40 °C and the flow rate of the rich solution fed into the hollow 
fiber was constant, 300 ml/min in all the experiments. 
3. Results and discussion 
3.1. Permeation rate of the rich solution 
Fig. 2 shows the permeation rate of the rich solutions through the membrane at the reduced pressures. 
Comparing among the MF membranes, the permeation rate increased with increasing pore size. Although 
the membranes made from Al2O3 are hydrophilic and the permeation rate was not zero at an atmospheric 
pressure, the relationships between the permeation rate and pressure difference were well approximated 
by the linear equations assuming that the permeation rate was zero at an atmospheric pressure. The slopes 
of the regression equations, which are defined as a permeability of the membrane, were plotted against 
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Fig. 2  Liquid permeation rate through hollow fiber 
membranes 
Fig. 3 Relationship between permeability 
coefficient and pore diameter for the MF 
membranes 
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 the pore diameters in Fig. 3. The figure shows the permeability is proportional to the pore diameter.  
On the other hand, the two fabricated membranes had almost the same pore size distribution while the 
porosity was smaller for the thicker membrane. The permeation rate was much smaller in the case of the 
thicker membrane. Although the porosity of the membrane partly influenced the permeation rate, the 
thickness of the membrane was considered to have a great influence on the permeation rate.  
3.2. CO2 desorption rate 
Fig. 4 shows results of the CO2 desorption rate in the experiments with the MF membranes. Here, the 
desorption rates were calculated based on the outer surface areas of the hollow fibers. The desorption rate 
increased as the pressure difference increased, that is the pressure on the permeate side decreased. The 
CO2 desorption rate in the case of 0.2 μm pore diameter was much larger than those for the two 
membranes with larger pore diameters while they showed almost the same desorption rates. If CO2
desorption occurs only on a surface of the rich solution falling down along the outer surface of the hollow 
fiber, the desorption rate would be larger in the case of the membranes with larger pores because the 
liquid permeation rate is larger in that case. However, in this study, the desorption rate was biggest in the 
case of the membrane with the smallest pore diameter, 0.2 μm, which showed the lowest permeation rate 
of the solution. Especially, in the case of 0.2 μm pore diameter, foaming was observed on the outer 
surface of the hollow fiber at a pressure difference of 94 kPa. The foaming phenomenon indicated that 
CO2 desorption occurred inside the pores of the membrane wall as well. The three MF membranes have 
the same specifications except for the pore size. The smaller pore size results in a larger contact area 
between the membrane material and the rich solution. Then, we hypothesized that the contact of the rich 
solution with the membrane played an important role in CO2 desorption and a membrane with a large 
contact area can enhance CO2 desorption. Therefore, we fabricated the membranes with different 
thickness in order to examine an effect of contact area on the CO2 desorption rate. 
Fig. 5 shows the results in the desorption experiments with the fabricated membranes. The CO2
desorption rate was much larger in the case of the thicker membrane, which supports our hypothesis. Also, 
foaming was observed and the desorption rate rapidly increased in the range of the pressure difference 
Fig. 4 Results of CO2 desorption rate for the MF 
membranes 
Fig. 5 Results of CO2 desorption rate for the 
fabricated membranes 
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greater than 91 kPa for both membranes. In this range, 
the total pressure was lower than the saturated vapour 
pressure of water, 7 kPa at 40 °C since the 
atmospheric pressure was about 96 kPa. That means 
water vapour intensively generated. As a result, the 
CO2 partial pressure was significantly reduced and 
therefore much CO2 was released from the rich 
solution. 
The pore size of the fabricated membranes was 
larger than those of the MF membranes. Nevertheless, 
the desorption rates for the fabricated membranes 
were tens times greater than those for the MF 
membranes. This implies that the contact area 
between the membrane and the rich solution was 
much larger in the case of the fabricated membranes 
compared with the MF membranes even if they had 
the smaller pores in the thin surface layer. 
Based upon the experimental facts in this study, 
we assert that CO2 desorption from the rich solution 
in the membrane flash process can be greatly 
enhanced by using a thicker membrane with smaller pore size. 
3.3. Release ratio 
In order to evaluate CO2 release ability of the membrane flash process, Okabe et al. defined a release 
ratio RR by the following equation using CO2 loading [1]: 
feq,aeq,
aeq,
R LL
LL
[-]R
−
−
=  (1) 
Here, Leq.a and Leq.f are the CO2 loadings equilibrated with the CO2 partial pressure at an absorber and a 
membrane module, respectively. LL is the loading of a lean solution. Leq.a − Leq.f means the loading of 
releasable CO2 and Leq.a − LL means that of released CO2. Therefore, the ratio RR becomes the index of 
CO2 release ability.  
In this study, the CO2 loading of the rich solution can be used as Leq.a and Leq.a − LL can be obtained as 
the released CO2 determined by the liquid permeation rate and the CO2 content. Leq.f, however, cannot be 
obtained in the range of pressure difference greater than 90 kPa because the pressure on the permeate side 
was lower than a saturated vapour pressure of water in that range and a CO2 partial pressure could not be 
specified. Therefore, in this study, another release ratio was defined as follows: 
membranehe through tpermeatedsolutionrichin thecontainedamountCO
releasedamountCO[-]ratioRelease
2
2
=  (2) 
Actually, all of the amount of CO2 contained in the rich solution cannot be released because CO2 loading 
cannot be lower than the one equilibrated with the CO2 partial pressure in gas phase. Thus, the release 
Fig. 6 CO2 release ratio for the fabricated 
membranes and the MF membrane with a 
pore diameter of 0.2 μm
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ratio by this definition cannot be a unity. However, this release ratio is considered to be a useful index of 
CO2 release ability of the membrane flash process. 
Fig. 6 shows the relationships between the release ratio and the pressure difference for the fabricated 
membranes and the MF membrane with a pore diameter of 0.2 μm. The release ratio for the fabricated 
membrane of 1.8 mm thick was less than that for the MF membrane in the range of pressure difference 
smaller than 90 kPa although the CO2 desorption rate for the former membrane was much larger than that 
for the latter one. This is because more CO2 permeated through the membrane accompanied with the rich 
solution in the case of the fabricated membrane compared with the MF membrane.  
On the other hand, in the case of the fabricated membrane of 2.9 mm thick, the release ratio was much 
higher and reached to 17 % at a pressure difference of 94 kPa. As the membrane thickness increased, the 
permeation rate of the rich solution decreased while CO2 desorption rate increased due to an increase in 
contact area between the membrane and the solution. Thus, increasing a membrane thickness has double 
effects in improving CO2 release ability of the membrane flash process. 
4. Conclusion 
The effects of pore size and thickness of hollow fiber membrane on the CO2 desorption rate in the 
membrane flash process were examined. The results in the experiments with the MF membranes showed 
the CO2 desorption rate increased and the liquid permeation rate decreased as the pore size decreased. 
Also, foaming was observed on the outer surface of the hollow fiber at the pressure of 1 kPa in the 
experiment with the smallest pore size of 0.2 μm. Also, the results in the desorption experiments using the 
fabricated membranes with different thicknesses showed the thicker the membrane was, the greater the 
CO2 desorption rate was. From the results, it has been found out that the contact of the rich solution with 
the membrane played an important role in CO2 desorption. Therefore, we assert that CO2 desorption from 
the rich solution in the membrane flash process can be greatly enhanced by using a thicker membrane 
with smaller pore size. 
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